Transcription activation at two semi-synthetic Escherichia coli promoters, CC (-41.5) and CC (-72.5), is dependent on the cyclic AMP receptor protein (CRP) that binds to sites centred 41.5 and 72.5 bp upstream from the respective transcription startpoints. An UP-element that can bind the C-terminal domain of the RNA polymerase (RNAP) a-subunit was cloned upstream of the DNA site for CRP at CC (-41.5) and downstream of the DNA site for CRP at CC (-72.5). In both cases CRP-dependent promoter activity was increased by the UP-element, but CRPindependent activity was not increased. DNase I footprinting was exploited to investigate the juxtaposition of bound CRP and RNAP a-subunits. In both cases, CRP and RNAP a-subunits occupy their cognate binding sites in ternary CRP-RNAP promoter complexes. RNAP a-subunits can occupy the UPelement in the absence of CRP, but this is not sufficient for open complex formation. The positive effects of binding RNAP asubunits upstream of the DNA site for CRP at -41.5 are suppressed if the UP-element is incorrectly positioned.
INTRODUCTION
Recognition of the majority of Escherichia coli promoters by RNA polymerase (RNAP) involves direct protein-DNA contacts between two regions of the RNAP a-subunit and two promoter elements located around 10 and 35 bp upstream from the transcription startpoint [1] . Recent work has shown that some strong promoters (such as the ribosomal RNA, rrn, promoters) contain a third specific sequence element (the UP-element) which is located upstream of the -35 and -10 elements, and which is contacted by the C-terminal domain of the RNAP a-subunit (aCTD) [2] . aCTD is connected to the a-subunit N-terminal domain (aNTD) by a 13-36-amino-acid linker, which allows aCTD to contact UP-elements located at a variety of positions upstream of promoters [3] .
The E. coli cyclic AMP receptor protein (CRP) is a cyclic AMP-triggered regulatory factor that can activate transcription initiation at a number of target promoters (reviewed in [4] ). Such promoters are defective in one or more RNAP-binding elements and so an activator is essential. CRP binds as a dimer to 22 bp targets at these promoters and, in many cases, activates transcription by making a direct protein-protein contact with RNAP. A surface-exposed loop in CRP (the 'activating region', residues 156-164) contacts a site in aCTD (the 'activation target', residues 258-265) ( [5, 6] ; reviewed in [7] ).
The juxtaposition of bound CRP and RNAP varies from one promoter to another, and two distinct classes of CRP-dependent promoters have been identified. At one class of promoters (including the E. coli gal and mel operon promoters), the 22 bp binding site for CRP is centred at or near to position -41.5 (i.e., between bp -41 and -42 upstream from the transcription startpoint). At these promoters, acCTD binds upstream of the bound CRP dimer, and the activating region in the upstream subunit of the bound CRP dimer contacts aCTD ( Figure 1 ) [8, 9] . At another class of CRP-dependent promoters (including the E. coli lac and malT promoters), CRP is bound further upstream (around -61.5, -71.5, -81.5 or -91.5) and the downstream subunit of the CRP dimer makes contact with aCTD ( Figure 1 ) [8, 10] . At both classes of promoter, CRP appears to 'recruit' aCTD to the DNA, thereby increasing the affinity of RNAP for Figure 2 ) were made by site-directed mutagenesis using the Amersham mutagenesis system described above [12] . The EcoRI-HindIII fragments carrying the CC(-41.5), CC(-72.5) and NJS1-NJS4 promoters all have the HindIII site located downstream of the transcription startpoint at +265. Shorter derivatives of each promoter fragment (denoted D4) were made, carrying the HindlIl site at + 36. These derivatives were made by using PCR to amplify the pAA121 plasmids carrying the CC(-41.5), CC(-72.5) and NJS1-4 promoters, M. Casadaban [18] S. Busby [19] A. Kelsall [20] J. Lodge [21] A. Bell [13] A. Bell [13] A. Bell [13] K. Gaston [11] The present study
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The present study K. Gaston [11] The present study UP-elements at cyclic AMP-receptor-protein-dependent promoters using the synthetic oligonucleotides 5'AGCAAGCTTTATCT-GTATTCATGG3' and 5'GTAGTCGGTGTGTTCAC3' as primers. The products were digested with EcoRI and HindIII, and the resulting fragments carrying the shortened promoters were cloned between the EcoRI and HindlIl sites of pAA121.
Assays of promoter activity in vivo To assay the activity of different promoters, EcoRI-HindIII fragments were cloned into the broad-host-range low-copynumber lac expression vector pRW50, such that the lac genes were placed under the control of the promoter. The resulting plasmids were transformed into the Alac strains, M182 or M182Acrp, and transformants were grown in L broth supplemented with appropriate antibiotics. ,6-Galactosidase expression was measured exactly as described previously [13] using the Miller [14] method, and fl-galactosidase activities were taken to be proportional to the activity of the cloned promoter.
Mapping transcript start sites in vivo
The transcription startpoint at various promoters was determined by primer extension, using the protocols described by Zyskind and Bernstein [15] UP-elements at cyclic AMP-receptor-protein-dependent promoters Table 3 CRP-dependence of NJS1, NJS2 and NJS3 promoters
The Table lists the f-galactosidase levels made in Ml82Acrp cells containing pRW50 carrying the NJS1, NJS2 or NJS3 promoters plus pDU9, pDCRP or pDCRP HL159. Cells were grown aerobically in L broth containing 35 ,ug/ml tetracycline and 80 ug/ml ampicillin. Assays were performed as described in Table 2 . NJS3 complex, protection of the UP-element is lost. This is in marked contrast with the situation with NJS2, where protection of the UP-element is maintained in the ternary complex. The simplest explanation is that when CRP interacts with RNAP to form the open complex at NJS2, the RNAP a-subunits can dock at the UP-element (and that this increases promoter activity). In contrast, when CRP interacts with RNAP to form the open complex at NJS3, the constraints on the RNAP a-subunits are such that they cannot dock with an UP-element located 3 bp upstream, any a-subunit-UP-element contacts formed in the absence of CRP are lost, and the UP-element cannot contribute to promoter activity.
Effects of an UP-element at CC(-72.5)
To quantify the effect of introducing an UP-element downstream of the DNA site for CRP at the CC(-72.5) promoter, EcoRIHindIlI fragments carrying the CC(-72.5) and NJS4 promoters were cloned into the lac expression vector pRW50, and figalactosidase levels were measured in Ml 82 crp+ and Acrp cells. Data in Table 4 show that the UP-element in NJS4 causes a 3-4-fold increase in promoter activity and that, like CC(-72.5), promoter activity is dependent on CRP. As expected, activation Figure 5 shows that purified CRP binds and protects the DNA site for CRP, whereas purified RNAP a-subunits protect the UPelement. Again holo-RNAP, in the absence of CRP, gives a footprint in the region of the UP-element, suggesting that the asubunits in holo-RNAP can contact the UP-element. In the presence of both CRP and holo-RNAP, both the CRP-binding site and UP-element are protected, although a clear extended footprint around the meiR transcription startpoint is not found (in contrast with the situation at the NJS2 and NJS3 promoters where strong protection around + 1 is found in the ternary CRP-RNAP-promoter complex). The footprint of the CRP-RNAP-NJS4 ternary complex shows evidence of interactions between CRP and the RNAP a-subunits: bands between the CRP and a-subunit-binding sites are clearly protected, but this protection is reduced when CRP carrying the HL1 59 substitution, which disrupts the activating region, is used ( Figure 5 , lanes 6 and 7).
Interactions between bound CRP and RNAP &-subunits
During transcription activation at many CRP-dependent promoters, the activating region of CRP directly contacts the RNAP c-subunit and 'recruits' the ac-subunit to the promoter. Using gel binding assays, we have measured the binding of purified asubunits, in either the presence or absence of CRP, to a DNA fragment that carries the NJS4 promoter and contains a DNA site for both CRP and an UP-element. Figure 6 (a) shows the titration of the fragment with purified a-subunits alone. 
Conclusions
E. coli promoters dependent on CRP vary in their architecture from one case to another [4] . At a number of promoters, the CRP dimer binds at a DNA site located centred at or near position -41. 5 and activation involves a contact between the activating region of the upstream CRP subunit and RNAP a-subunits bound upstream of CRP [8] (Figure 1) . At other promoters, the CRP dimer binds further upstream, and activation requires a contact between the activating region of the downstream CRP subunit and RNAP a-subunits bound downstream of CRP [8] ( Figure 1 ). At both types of promoters, CRP appears to contact RNAP a-subunits and recruit them to the promoter DNA. In the present study we have shown that the introduction of an asubunit-binding UP-element (from the rrnB P1 promoter) at two CRP-dependent promoters, either upstream of a DNA site for CRP at -41.5 or downstream of a DNA site for CRP at -72.5, increases the activity of both promoters. However, the introduction of the UP-elements failed to relieve the CRP dependence at either promoter, suggesting that mere 'recruitment' of the a-subunits to these promoters is not sufficient for activation. Activation in both cases requires the activating region of CRP and is dependent on the position of the UP-element (at least at the promoter where CRP binds at -41.5). Interestingly, at the rrnB P1 promoter, the UP-element provides a supplementary point for anchoring RNAP which is sufficient to increase promoter activity in the absence of any other activator [2] . Similarly, at the E. coli lac promoter, which is normally dependent on CRP, the introduction of an UPelement increases CRP-independent activity -30 fold [17] . Our results show that this is not the case at the NJS2 and NJS4 promoters, although the footprint experiment shows that the UP-element provides an anchorage point for RNAP in both cases. Rather, at these promoters, CRP and RNAP bind cooperatively and, although binding is enhanced by the UP-element, both partners are required for transcription activation. The reasons for this are likely to be different for each promoter and are currently being investigated.
